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Experimental section:

1 Synthesis of metal nanoparticles embedded on resorcinol-formaldehyde resin carbon sphere

(Ru@RFCS, PtaRFCS or PtRu@RFCS) catalyst.

The Ru@RFCS, Pt@RFCS or PtRu@RFCS was synthesized by heating mixtures of resorcinol-

formaldehyde resin (a carbon precursor) and metal precursor (ruthenium trichloride: RuCls; chloroplatinic

acid: H,PtClg). The preparation process of the support materials was similar with our former works and the

preparation method of RFCS could be also obtained from that.!-> We should emphasized that the reaction time

is constant (twenty four hours). In a typical process, a mixture containing certain amount of ammonium, as

the catalyst, and 400 mg resorcinol were dispersed in 50 mL distilled deionized water, magnetically stirring

for 30 min. Then the solution was heated at 94°C while 0.560 mL aqueous formaldehyde solution was added

and stirred under reflux, which time is set as the starting time. After t,gq (taga =2, 6, 12, and 20 hours), we

added the metal precursor as the metal source during the reaction. Twenty four hours later, the suspension was

vacuum-dried at room temperature and milled to obtain an orange resin powder, and then programmed

calcined at 400°C for metal reduction and 900°C for RFCS carbonization in an Ar-H, (10%) gas atmosphere.

Afterward, the PtRu@RFCS-t 44, Pt@RFCS-t,44 or PtRu@RFCS-t,4q were obtained after being ground into a

powder and washed with deionized water.

2 Synthesis of the PtRu based catalysts deposited on supports materials.

PtRu/RFCS catalysts with a loading of 0.2 wt. % for Pt and 5 wt. % for Ru were synthesized through



impregnation reduction method with sodium borohydride (NaBH,) as the reducing agent. Firstly, 100 mg of

RFCS was suspended in 100 ml deionized water and ultrasonically dispersed for 1 h. And 570 puL. H,PtClg

solution (3.7 mg p; mL") and 456 uL RuCl; solution (11.557 mg g, mL!) were separately added, after which

the mixture was stirred for 30 min to facilitate the impregnation of the metal ions onto the support. Then, a 5

mL NaBHj, solution (2 mg mL!) was added dropwise under continuous stirring. Subsequently, the suspension

was filtered and washed with deionized water and dried at 80°C for 10 h to obtain the as-prepared catalysts.

3 Physical characterizations

Transmission electron microscopy (TEM), high-resolution transmission electron microscopy

(HRTEM) and high-angle annular dark-field scanning transmission electron microscopy (STEM)

were conducted on a on a Philips TECNAI G2 electron microscope operated at 200 kV. Energy

dispersive X-ray analysis (EDX) and element mapping analysis were conducted on a XL30 ESEM

FEG field emission scanning electron microscope (SEM) operating at 20 kV. X-Ray photoelectron

spectroscopy (XPS) measurements were carried out on a Kratos XSAM-800 spectrometer with an Mg

Ka radiation source. X-Ray diffraction (XRD) measurements were performed with a PW1700 diffract

meter (Philips Co.) using a Cu Ka (A=0.15405 nm) radiation source. The obtained XRD patterns were

analyzed with Jade 5.0 software to remove the background radiation. The textural and morphological

features of the different carbon supports and catalysts prepared were determined by means of nitrogen

physisorption at 77 K in a Quantachrome Autosorb-iQ. Textural properties such as specific surface



area, pore volume, and pore size distribution were calculated from each corresponding N, adsorption-

desorption isotherm applying the Brunauer-Emmet-Teller (BET) equation and Barrett-Joyner-

Halenda (BJH) and t-plot methods in ASiQwin 3.01 program. All elemental analyses of catalyst

samples were analyzed by ICP-MS (Inductively coupled plasma mass spectrometer) on a Thermo

Elemental IRIS Intrepid. Thermo-gravimetric analysis was performed on a thermogravimetric

analyzer (TGA Q-50) over a temperature range of 50~900°C at a heating rate of 10°C min-!.

4 Electrochemical measurements

Electrochemical measurements were carried out with an EG & G PARSTAT 4000 potentiostat/galvanostat

(Princeton Applied Research Co., USA) in a conventional three electrode test cell. The catalyst ink was

prepared by ultrasonically dispersing a mixture containing 5 mg of catalyst, 950 uL of ethanol and 50 pL

Nafion solution (Sigma Aldrich, 5 wt. %). Next, 5 uL of the dispersion was pipetted onto a pre-cleaned glassy

carbon electrode (GCE, polished with 0.3 and 0.05 mm alumina powder, sonicated and rinsed with deionized

water) with 3 mm diameter (area: 0.0707 cm?; loading 354 pg cm2) as the working electrode. A graphite rod

was used as the counter and the reference electrodes. The saturated calomel electrode (SCE) was applied as

reference electrode in acidic. All of the potentials reported in our work were vs. the reversible hydrogen

electrode (RHE), unless otherwise noted. For SCE, E (RHE) = E (SCE) + 0.245 V in 0.5 M H,SO,.

Commercial Pt/C-JM catalysts (20%, Alfa Aesar) was used as a reference to evaluate the electrocatalytic

performance of various samples.



The electrolyte (0.5 M H,SO,) was degassed by bubbling O, for at least 30 minutes prior to electrochemical

measurements. Before recording the hydrogen evolution reaction (HER) activity, the catalysts were activated

by 10 cyclic voltammetry (CV) scans along the potential window from 0 to -0.6 V vs. SCE in 0.5 M H,SO,4

at a scan rate of 100 mV s’!, then linear sweep voltammetry (LSV) with a scan rate of 5 mV s'! was performed.

During the electrochemical experiments, the electrolyte was agitated using a magnetic stirrer rotating at 300

rpm. To estimate the electrochemical active surface areas (ECSA) of the catalysts, 99.99% pure CO was

purged to the cells filled with 0.5 M H,SO, electrolyte for 30 min while the working electrode was held at

0.02 V vs. SCE. N, was then purged to the system for 30 min to remove non-adsorbed CO before the

measurements were made. The CO stripping was performed in the potential range of -0.2~1.0 V at a scan rate

of 50 mV s!. Assuming that the Coulombic charge required for the oxidation of the CO monolayer was 420

uC cm=. Accelerated degradation tests (ADTSs) were then conducted by CV scanning from 0 to -0.6 V vs.

SCE for 5000 cycles at a scan rate of 100 mV s! to investigate the cycling stability. The durability of the as-

prepared catalysts was also investigated through chronopotentiometry (CP), and the timed-pendent voltage

was recorded under a static current density of 10 mA cm for 48 hours. The electrochemical impedance

spectroscopy (EIS) measurements were conducted from 100 kHz to 1 Hz in 0.5 M H,SO,. The amplitude of

the sinusoidal potential signal was 10 mV. Prior to recording measurements, a resistance test was performed,

and iR compensation was applied using the EG & G PARSTAT 4000 potentiostat/galvanostat software.



Ohmic drop was corrected using the current interrupt method. All data were corrected for 90% iR potential

drop (R, ohmic drop 6~8 Q), unless otherwise noted.



To quantitatively detect the exposed Ru that maybe really participates in electro-catalysis, the filtrates

obtained from washing the as-synthesized catalysts with the aqua regia, are measured by ICP-MS. The results

indicate that the exposed Ru content is 4.31 wt.% to Ru@RFCS-6h, as well as 1.98, 4.86 and 2.57 wt.% to

Ru@RFCS-2h, 12h, 20h, respectively, which is basically in accordance with the trends of the variation in

addition time, with only Ru@RFCS-20h as an exception. Additionally, thermo-gravimetric analysis (TGA) is

employed to study the total Ru content (including the encapsulated one) in the Ru@RFCS. As shown in Fig.

S1 inset, the residual weights of the as-prepared catalysts after annealing at high temperature in air

atmosphere, are all about 5 wt.% (the concerted value as listed in Table S1) approximately approaching to the

initial input, except the Ru@RFCS-20h (2.51 wt.%). The reduced in Ru content is ascribed to the following

reason: With the condensation reaction proceeding, there are fewer and fewer functional groups to immobilize

[RuCls]*> complex at the RF surface, which are also not sufficiently reduced by decreasing isolated

formaldehyde, as demonstrated by the color changes of product filtrates due to reaction with NaBH, (Fig. S2).

Fig. S1 also shows the as-prepared catalysts with earlier addition time obtain higher decomposition

temperature, which may be caused by the enhanced degree of graphitization from metal-catalyzing.
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Fig. S1 The TGA curves of Ru@RFCS, PtRu@RFCS-6h and PtRu/RFCS catalysts. The inset shows the final

metal oxide content of these catalysts range from 550 to 900°C with enlarge scale.



Table S1 The mass fraction of metal in all catalysts obtained from TGA curves and ICP-MS measurement.

Calculations from

ICP-MS results?

Calculations from ICP-MS in

TGA in percent (wt.
Catalysts (ppm) percent (wt. %)
%)
Pt and Ru Pt Ru Pt Ru
Ru@RFCS-2h 4.95 - 198 - 1.98
Ru@RFCS-6h 4.93 - 431 - 4.31
Ru@RFCS-12h 4.99 - 486 - 4.86
Ru@RFCS-20h 2.51 - 257 - 2.57
PtRu@RFCS-
5.18 16 426 0.16 4.26
6h
PtRu/RFCS 5.21 21 503 0.21 5.03
Pt/C-JM - 1982 - 19.82 -

2 The metal weight percent was converted from the final value in TGA based on RuO, or PtO..

b Here, the volume of sample is 10 mL, which was filtrated from washing the as-synthesized catalysts (100

mg) with the aqua regia (10 mL).



Filtrates from product solution

Fig. S2 The upper photo shows the filtrates from the product solution and the below one records color change

of the liquid after adding NaBH,. The symbol a, b, ¢, d and e represent the Ru@RFCS-2h, 6h, 12h, 20h and

PtRu@RFCS-6h, respectively.



The as-synthesized partially-embedded catalysts are carefully observed by SEM (Fig.S3) to confirm that

all metal nanoparticles are uniformly confined in the mesoporous carbon sphere. In Fig. S3a for PtRu/RFCS,

the isolated carbon spheres ca. 500 nm are observed, with an amount of metal particles located on the external

carbon surface (the white points). Considering that the PtRu@RFCS-6h and Ru@RFCS-6h catalysts in Fig.

S3b-c thermally treated at 900°C for the carbonization of impregnated poly, all the carbon spheres are in

monodisperse with a uniform size about 350 nm resulting Ru or PtRu alloy nanoparticles are thus in-situ

confined in the nonporous of resorcinol-formaldehyde carbon, rather than situate at the external boundary of

the carbon shells.
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Fig. S3 SEM images of (a) PtRu/RFCS, (b) PtRu@RFCS-6h and (c) Ru@RFCS-6h catalysts; The scale bar

is 1 um.
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Fig. S4 TEM images and particle sizes distribution histogram (a) and XRD patterns (b) of Pt/C-JM catalyst.
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Fig. S5 TEM images and the corresponding particle size distribution histograms of Ru@RFCS catalysts: a, b,

and c represents the Ru@RFCS-2h, 12h and 20h, respectively.
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Fig. S6 Typical N, adsorption-desorption isotherm and BJH pore size distribution plots (inset) of (a)

PtRu@RFCS-6h, (b) Ru@RFCS-6h, (c) PtRWRECS (d) P/C-JM and (e) Pure RFCS.



Table S2 BET surfaces area (Sger), BJH desorption average pore size and pore volume of PtRu@RFCS-6h,

Ru@RFCS-6h, PtRu/RFCS, Pt/C-JM catalysts and pure RFCS.

Catalysts Sger (m? g1) Average pore size (nm) Pore Volume (cc g')
PtRu@RFCS-6h 630.3 3.14 1.397
Ru@RFCS-6h 603.8 3.14 1.405
PtRu/RFCS 105.2 3.13 0.137
Pt/C-JM 259.8 3.32 0.913

Pure RFCS 1016.5 3.12 0.654
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Fig. S7. HAADF-STEM image and the corresponding elemental (Pt, Ru, C, O) mapping images of

PtRu@RFCS-6h and PtRu/RFCS catalysts.



Table S3 Particle size of Ru@RFCS, PtRu@RFCS-6h and PtRu/RFCS catalysts obtained by TEM and XRD

measurements.
Particles size (nm)
Catalysts
By TEM By XRD

Ru@RFCS-2h 4.81 --

Ru@RFCS-6h 2.65 2.56
Ru@RFCS-12h 8.76 --
Ru@RFCS-20h 18.3 --
PtRu@RFCS-6h 2.57 2.51

PtRu/RFCS 5.12 6.36
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Fig. S8 XPS patterns of PtRu@RFCS-6h, Ru@RFCS-6h and PtRu/RFCS catalysts for C 1s and Ru 3ds),,

binding energy.



Table S4a Binding energies of the Ru 3ps,, and Pt 415, components for the PtRu@RFCS-6h, Ru@RFCS-6h

and PtRu/RFCS catalysts.

Ru 3p5/2 Pt 4f7/2
Catalysts Binding Relative Binding Relative
Assignment Assignment
energy (eV) Intensity (%) energy (eV) Intensity (%)
Ru(0) 461.53 60.8 Pt(0) 71.58 70.6
PtRu@RFCS-6h
RuOy 463.74 39.2 Pt(1D) 73.17 29.4
Ru(0) 461.80 47.6 Pt(0) 71.81 46.6
PtRu/RFCS
RuOy 463.31 524 Pt(II) 73.75 534
Ru(0) 461.50 58.7 - - -
Ru@RFCS-6h
RuOy 463.29 413 - - -




Table S4b Binding energies of the C 1s and Ru 3ds, components as well as O/C ratio for the PtRu@RFCS-

6h, Ru@RFCS-6h and PtRu/RFCS catalysts.

Cls Ru 3d5/2
Catalysts Binding Relative Binding O/C ratio (%)
Assignment
energy (eV) Intensity (%) energy (eV)

Cc=C 284.56 70.7

PtRu@RFCS-6h 280.05 1.54
C-C 285.31 29.3
C=C 284.58 52.2

PtRu/RFCS 280.51 6.41
C-C 285.78 47.8
Cc=C 284.62 69.7

Ru@RFCS-6h 280.17 1.39
C-C 285.38 30.3




To determine the optimized one at time-dependence for Ru@RFCS, it is shown in Fig. S9 (LSV polarization

curves, iR compensated) that the as-prepared electrocatalysts possess the different onset overpotential range

from 17.4 mV to 76.3 mV as listed in Table S5. And to obtain the 10 mA c¢cm HER current density, the

Ru@RFCS-6h catalyst requires the lowest overpotential of 58.1 mV among those as-regulated catalysts,

indicating the highest catalytic activity. These results reveal that controlling the addition time at 6 hours maybe

expose the most abundant active site for Ru@RFCS in HER.

0
2
20- 10 mA ch
=
0 40+
<
£
— 60+
Ru@RFCS-2h
Ru@RFCS-6h
-80 Ru@RFCS-12h
Ru@RFCS-20h
RFCS
-100 +——vr———t— e,
030  -024  -0.18  -0.12  -0.06 0.00

E/V vs. RHE

Fig. S9 Polarization curves of all Ru@RFCS catalysts in 0.5 M H,SO,. The catalyst loading was 350 ug cm-

2 and the electrode area was 0.0707 cm?.
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Table S5 The comparison of overpotential (1) at different current density (iR compensated), turnover

Frequency (TOF) and hydrogen production in cost at a # of 100 mV for PtRu@RFCS-6h, Pt@RFCS, all

Ru@RFCS, PtRu/RFCS and Pt/C-JM catalysts in 0.5 M H,SO,.

7 (mV) hydrogen production in
TOF @ #=100 mV (H,
Catalysts cost @ #=100 mV (Ly; s
Onset* @10 mA cm? @100 mA cm? s’ per active site)°
!'per dollar)®
PtRu@RFCS-6h 23 19.7 43.1 4.03 1.53
Pt@RFCS-6h-0.2% 303.3 385 - - -
Pt@RFCS-6h-20% 5.1 21.6 453 - -
Ru@RFCS-2h 273 70.1 189.5 - -
Ru@RFCS-6h 17.4 58.1 166.4 0.215 0.147
Ru@RFCS-12h 49.1 105.2 220.6 - -
Ru@RFCS-20h 76.3 142.5 270.7 - -
PtRu/RFCS 15.8 46.6 1453 0.375 0.106
Pt/C-JM 0 19.5 61.8 1.25 0.012
2 The onset overpotential () was achieved at 2 mA ¢cm-2 in LSV.
b TOF was calculated using the following formula:
mA\( 1Cs Y \(1mole 1\f1molH,\(6.02 X 1023 H, molecules
TOF =|j—
(]CmZ)(woo mA)( 96485 C )(2 mole- 1) 1mol H,
s Has ' mA
=3.12x10 per —
cm cm Equation 1

The number of active sites per real surface area for Ru@RFCS and Pt/C-JM are obtained from the unit cell

of Ru and Pt:



2 atoms/unitcell
# active sites Ru = ( / )2/3 _

=1.76 x 10> atoms cm ~?
2.702 nm®/unitcell

Equation 2
4 atoms /unitcell
# active sites Pt = ( / 2/3 = 1.64 x 10%° atoms cm =2
6.038 nm>/unitcell Equation 3
Therefore, the TOF value can be obtained from the following formula:
s H2s ' mA ]
312 %10 = per — | x ||
cm? cm?
TOF =
# active sites X Agcey Equation 4

¢ Hydrogen production in cost (HPC) was calculated using the following procedures:

Firstly, the prices per electrode area (0.707 cm2) of the four comparison catalysts

Price per cm? = catalyst load x ($988 0z X Pt wt.% + $42 0z X Ruwt.%

) Equation 5

sample

The catalyst load per cm? was 354 pg. And according to Equation 1,

. Hys™? mA  417932x10°%
HPCsamplez 3.12 x 10 - per — =—p——— Lh™" perj
Pncesample XNy XV, cm Prlcesample Equation 6
For example, the HPC of PtRu@RFCS-6h in 0.5 M H,S0; is calculated as

Pricepypu@rrcs - on PET €M = 354 1g X ($988 per 0z X 0.2 wt.% + $42 per 0z X 5 wt.%) = $4.96 x 10~ ° per cm?

-1
Hys 1

HPCpru@rrcs - gn = 3-12 x 10 per j = 8.424 L h™ ! per dollar per j

$4.96 x 10 >Ny XV,



Electrochemical capacitance was measured by cyclic voltammograms at different scan rates of 20, 40, 60,

80, 120, 160, 240 and 320 mV s™! (Fig. S11). The capacitive currents were collected where no apparent Faradic

processes were observed. These measured capacitive currents were then plotted as a function of scan rates in

Fig. S1le. Linear fitting revealed that the specific capacitance was 12.25, 10.31, 8.84 and 11.47 mF cm for

PtRu@RFCS-6h, Ru@RFCS-6h, PtRu/RFCS and Pt/C-JM catalysts in 0.5 M H,SO,4. Assuming that the

specific capacitance of a flat surface is ~ 40 pF for 1 cm? of real surface area, then the ECSA is estimated as:

specific capacitance

Asample _
ECSA — 40 uF _2 2
prcm - per tycgy Equation 7
| |
" ;
Q > g . b 3? 1
. f ‘\
I -
o 04 * a0
£ =]
) ) ____________—-——-—"—‘
= b /
£ .34 g _3_/
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Fig. S11 CVs of PtRu@RFCS-6h (a), Ru@RFCS-6h (b), PtRu/RFCS (¢) and commercial Pt/C-JIM (d)

catalysts with different scan rates in 0.5 M H,SO, solution. The capacitive currents were collected at 0.375 V

vs. RHE in potential range where no Faradaic processes were present.



Table S6 Summary of some recently reported representative precious metal hybrid catalysts for HER in acidic

electrolytes (0.5 M H,SOy,).

Precious metal Current density (j, 1 @j Tafel Slope
Catalyst Reference
loading amount mA cm?) (mV) (mV dec?)
17.7 pg g, cm? 10 19.7
PtRu@RFCS-6h 27.2 This work
0.71 pg p, cm2 100 43.1
10 58.1
Ru@RFCS-6h 17.7 ug ry cm? 60.5 This work
100 166.4
ACS Appl. Mat. Interfaces 2017,
PtCoFe@CN 13.1 pg p cm? 10 45 32
9, 3596.3
ACS Appl. Mat. Interfaces 2016,
Pt;3Cu;3Niy/ CNF@CF* 31.1 wt. % (Pt) 5 70 38
8, 3464.4
Ptg Fe;3Co4 44.9 pg p cm? 1325 400 21 Adv Mater. 2016, 28, 20773
Pt,3Ni;/C 5.3 ug p cm? 5.3 287 - J. Phys. Chem. C 2015, 119.
10 22 Nat. Nanotechnol.. 2017, 12,
Ru@C,;N 81.8 pug r, cm? 30
20 34.8 4417
ACS Appl. Mat. Interfaces 2017,
Nig;Rus; nanoalloy 167.8 pug r, cm™ 10 41 31
9,17326.8
Pt ML/Ag NF/Ni foam 0.55 pg pe cm2 10 70 53 Sci. Adv. 2015, 1, e1400268.°
Ru nanosheet 101.8 pg p; cm2 1.02 20 46 ACS Catalysis. 2016, 6, 1487.10
ACS Appl. Mat. Interfaces 2017,
Ru/NG-750 24.2 pug g, cm? 10 53 44
9, 3785.11
2.7 wt. % (Pt) Int. J. Hydrogen. Energ. 2017,
COsoRU]sPtS 4 73.1 304
4.2 wt. % (Ru) 42, 38.12
10 35
ACS Appl. Mat. Interfaces 2016,
Ru/GLC 40 pg g, cm 20 61 46
8, 3513213
50 125
13.6 pg ry cm? 122 44
13.6 pg gy cm? Energy Environ. Sci. . 2016, 9,
Rh,S;_ThickHNP/C 10 97 55
(After 10000CVs) 850. 14
81.4 pg gp cm? 38 69
Angewandte Chemie 2017,
RuP,@NPC 230.7 pug ry cm2 10 38 38
129.1
Cu,..S@Ru NPs 7.7 pug gy cm? 10 129 51 Small 2017, 13, 1700052. 16
Ru-MoO, 84.4 pg g, cm? 10 55 44 J. Mater. Chem. A. 2017, 5,




547517

444.2 ng pg cm?

J. Mater. Chem. A. 2016, 4,

Pd@PdPt 10 39 38
121.7 pg p; cm? 16690.18
ACS Appl. Mat. Interfaces 2016,
1D-Ru0,-CN, 170 10 93 40
8, 28678.°
J Am Chem Soc. 2015, 137,
NiAu/Au 203.7 10 50 36
5859.20
ACS Appl. Mat. Interfaces 2017,
PdCu@Pd NCs 140 10 65 35
9,8151.°
Pt NC/N-graphene-2 5.6 pg p cm? 10 24 28 Nanoscale. 2017, 9, 10138.%2
Rh-Mo,S 17.0 pg gy cm? 10 47 24 Adv Funct Mater. 2017, 27.%3
10 71 Advanced Materials Interfaces.
Pt-Cu/CNFs-1:2 -- 68
104 300 2017, 4.%4
Chem Commun. 2016, 52,
Pd-Mn;04-1 18.8ug pg cm? 10 14 42
6095.%°
10 48 J Am Chem Soc. 2016, 138,
Pt NCs@CIAC-121 - 58
20 60 16236.%°

* The acidic electrolyte is 1.0 M H,SOy,



LR
30 33 36
icle size / nm

Fig. S12 TEM images and the corresponding particle size distribution histograms of the as-prepared catalysts

after ADTs: a, b, and ¢ represents the PtRu@RFCS-6h, Ru@RFCS-6h and PtRu/RFCS, respectively.
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